Abstract. Electron momentum spectroscopy measurements of aluminum, copper and gold are presented. Data were taken for incoming electrons with an energy of 50 keV, and both outgoing electrons with an energy near 25 keV. In all cases we used an identical deconvolution procedure, which consistently removes all intensity at high energy loss values. However the intensity becomes vanishing small only for binding energies of about twice the bandwidth. The observed spectra compare well with many body calculations based on the cumulant expansion scheme
INTRODUCTION
Electron momentum spectroscopy (EMS) provides very direct information about the electron wave function in atoms, molecules and solids [1] . Of these materials the solid state is the most challenging for a quantitative understanding. On a one-particle level the discrete electron states of atoms and molecules are replaced by dispersing states, described by the band structure. The electron-electron interaction is modified by the response (screening) of the material. The resulting final states that can be created by the annihilation of a target electron is therefore qualitatively different from those in atoms and molecules. EMS is of course well suited to study these satellites but EMS of materials has the distinct disadvantage (compared to EMS of atoms and molecules) that multiple scattering can not be avoided, even for the thinnest free standing films one can prepare.
To minimize these problems as far as possible a new spectrometer was constructed at the ANU in which the incoming and outgoing electrons have a high energy (50 keV incoming energy, 25 keV outgoing energy of both electrons) [2, 3] . The low level of multiple scattering in this spectrometer, and hence the easy with which the many body effects are revealed was evident for extremely thin carbon films [4] . Here we want to investigate to what extent the same effects can be measured using this spectrometer for heavier elements.
RESULTS
Some results obtained on this spectrometer for various metals are shown in fig. 1 . Near the Fermi level the momentum densities of all three metals (polycrystalline films of aluminum, copper and gold) show distinct peaks. The thickness of the films is not exactly known, as the films are sputter-thinning by argon ions, before the measurement. How- Energy relative to Fermi level (eV) FIGURE 1. Momentum densities at the Fermi level (left) for Al, Cu and Au films. We indicate with triangles the Fermi wave vector as calculated from a free electron model. In the right panel we show energy spectra at zero momentum for these films. The full line is an estimate of the intensity with the effects of inelastic multiple scattering removed,as described in the text ever we expect the thickness to be in the 50 Å range. Thus with the new spectrometer we can obtain data for the heaviest elements (although with a lower count rate). The quality of the momentum density is especially good for aluminum. It has very small intensity away from the two peaks. For Cu and especially Au, the intensity away from the peaks seems to comprise a larger fraction of the peak intensity. Thus elastic scattering effects are more severe for the heavier elements. Near the Fermi level the main contribution to the electron density is in all three cases due to sp-electrons. These electrons have very extended wave functions and behave like free electrons in all cases. The magnitude of the Fermi vector, can, within the free electron model simply be calculated based on the sp-electron density [5] and the appropriate values are indicated in figure 1. The observed peak positions are at slightly smaller momentum values. This is probably due to finite energy resolution: also electrons, slightly away from the Fermi edge, and hence with smaller wave vectors will contribute to the measured intensity.
The densities right at the Fermi level are particular simple to interpret: elastic scattering can affect its shape, inelastic scattering will reduce its intensity, but not affect its shape. In the right panel we display the spectra near zero momentum of these metals. These data are affected both by elastic and inelastic multiple scattering. Somewhat surprisingly the single particle peak at the bottom of the band stands out most clearly for the heavier elements:Cu and Au. Thus the quality of the energy spectra appears not to deteriorate with increasing atomic number. In none of the three cases does the intensity drop to zero for high binding energy, although the Au case the intensity is surprisingly small. We want to remove the effect of multiple scattering in all three cases by a deconvolution procedure, that has no free parameters. This procedure is outlined in the next section. An earlier deconvolution approach is described by Jones and Ritter [6] . Another approach is to 'add' the expected effects of multiple scattering to the theory, using Monte Carlo procedures [7] . The Monte Carlo procedure allows for the inclusion of elastic and inelastic effects simultaneously, but its results depend somewhat on the model to derive the elastic and inelastic cross sections, and the model we use for electronic structure calculations. The method described here requires less theoretical input. The first stage is to determine the loss function. For this we do a non-coincident i.e. a singles experiment as illustrated in fig. 2 for aluminum. The energy of the incoming beam is reduced to 25 keV, so the analyzers measure the elastic peak and low loss part of the energy loss spectrum. Ideally we would do this at zero degrees, but in an (e,2e) spectrometer there is usually no analyzer at forward angles. Thus we measure the energy loss distribution at 45 • . All electrons detected are thus deflected by a large-angle elastic scattering event. Some of the transmitted electrons are scattered inelastically as well(ie electronic excitations occurred along the incoming and/or outgoing trajectory). From the spectra we determine the ratio of the area of the zero-loss peak (i.e. the electrons that are only scattered elastically) to the area of the inelastic part of the spectrum (i.e. those electrons that suffered inelastic excitations as well). This loss function is characteristic for particles that have traversed a certain thickness of material. As is clear from fig. FIGURE 3 . Schematic representation of the path length of electrons through a thin film for a singles energy loss experiment and an EMS experiment.
3 the effective thickness l will vary from t to √ 2t, depending on the depth at which the elastic scattering event occurred. On the average the length traversed (effective thickness) by the incoming electrons will be ≃ 1.2t. For very thin samples (when the chance of two inelastic scattering events is small) the shape of the energy loss part of the spectrum does not depend on the thickness. Only the ratio between the zero loss peak of the spectrum and the inelastic part will change with thickness. The ratio will be about one, if the effective thickness of the film is equal to one inelastic mean free path of 25 keV electrons. Note that for the Flinders University (e,2e) spectrometer [8] , the approximation that only one inelastic scattering event occurs fails for the slow (1.2 keV) electron. Hence the procedure described here, can not be used in that case.
We now assume that this loss function can be used to describe the inelastic scattering of the (e,2e) event. This is no problem for the outgoing particles, as their energy is identical to that of the singles measurement, but somewhat questionable for the incoming beam. The incoming electron has twice the energy, and hence a smaller cross section for electronic excitations. The mean free path between inelastic collisions increases approximately as E 0.75 for keV electrons [9] i.e. the path length of the incoming particle is reduced by 1.68, as far as the probability of inelastic scattering is concerned. In fig.  3 we show again the extremes in possible path length for an (e,2e) event. It will vary from t/1.68 ((e,2e) event occurred at the exit surface), to 2 √ 2t ( event at the entrance surface). On average the path length is close to 1.7t.
Thus the film appears thicker in a coincident experiment compared to a singles experiment by a factor 1.7/1.2 ≃ 1.4. Now we subtract the effect of inelastic multiple scattering from the EMS data in the following way: We start at the Fermi level, here E = 0. All events here are not contaminated by inelastic multiple scattering. Some intensity at E + ∆ is due to (e,2e) events at the Fermi level in combination with an energy loss event of magnitude ∆. If in the singles spectra, with the zero loss peak normalized to 1, we find an intensity of y an energy loss ∆, then, per unit intensity at E we can expect a background in the (e,2e) spectra, at energy E + ∆ of 1.4y. This is the amount that is subtracted in the deconvolution procedure. Next we consider the next energy E + δ , slightly away from the Fermi level. It could only be contaminated from (e,2e) events at the Fermi level plus small energy loss. However this has been subtracted in the previous iteration. Hence we can consider the modified intensity as being free from contamination due to inelastic scattering. Now we use this modified intensity to correct the larger binding energy intensity from contamination from (e,2e) events at energy E + δ . This process continues until the high binding energy limit of the spectrum is reached. This deconvolution procedure depends on the measured loss spectrum only, without adjustable parameters. It is expected to work well for films of thickness less or equal to one inelastic mean free path at 25 keV. The result of this procedure is shown in the spectra of fig. 1 . In spite of the large difference in the initial shape the intensity for the three metals, the intensity decreases to zero at high binding energy as required for all three cases. This gives us some confidence that the procedure followed, captures at least the main part of the physics involved. Moreover the procedure does not only produce reasonable spectra at zero momentum but also for other parts of the dispersing structure. This is demonstrated in fig. 4 for the case of aluminum. The quasi-particle peak disperses to the Fermi level, but in no case does the intensity drop straight to zero at higher binding energy. Its width decreases, as lifetime broadening becomes vanishing small near the Fermi edge, and all width is due to the finite experimental resolution.
In fig 5 the theoretical spectra for Al, Cu and Au are displayed, based on the cumulant expansion scheme [10, 11] . The theoretical spectra are convoluted with the experimental resolution of 2 eV. Note that the general trend in these calculations is exactly as in the measured deconvoluted spectra in fig. 1 . Relatively large satellites for Al, medium for Cu, and only an high-energy tail for the spectrum of Au. 
CONCLUSION
we have demonstrated that the new spectrometer has dramatically increased the range of targets that can be studied. Previously the heaviest elements for which valence band spectra could be obtained, with great effort, were Ge [12] and Cu [13] . Here we demonstrate that, with the high-energy spectrometer we can get quite good spectra, even from Au samples. In none of the cases studied, does the measured intensity drop to zero abruptly below the quasi-particle peak. These tails are absent in band structure calculations based on density functional theory, but are obtained in calculations that take many-body effects explicitly into account.
